INTRODUCTION
Since the mid 1960s, CIMMYT (the International Maize and Wheat Improvement Center) in Mexico has played a major role in increasing world wheat production, in particular in developing countries (Heisey et al. 2002) . Despite past successes, further advances are essential if future demand is to be met (Rosegrant et al. 1995) . To date, wheat breeding programmes worldwide have generally achieved significant genetic gains in yield potential without the aid of physiological selection tools (Rajaram & Van Ginkel 1996) . However, evidence is emerging that physiological traits have real potential for improving the efficiency of selection for yield gains in wheat (Reynolds et al. 2001; Rebetzke et al. 2002; Babar et al. 2006; Richards 2006; Condon et al. 2007; Trethowan & Reynolds, 2007) .
Recent progress in instrumentation, in both precision and miniaturization, now permits several physiological traits considered to underlie yield potential to be measured rapidly and relatively cheaply in the field. These traits offer the opportunity for significant increases in breeding efficiency. Research conducted in the 1990s at CIMMYT, aimed at understanding the basis for yield potential improvement, revealed a consistent correlation between the historic increases in yield potential achieved for CIMMYT semi-dwarf bread wheat varieties since they were first introduced in the early 1960s and changes in a number of physiological parameters related to stomatal aperture. These stomatal aperturerelated traits (SATs) include stomatal conductance itself or surrogates such as canopy temperature depression (CTD), carbon isotope discrimination (D 13 C) and oxygen isotope composition (Fischer et al. 1998; Barbour et al. 2000) . Subsequent research at CIMMYT has provided evidence to indicate that measurements on small plots of stomatal conductance or CTD may be useful for screening breeding populations for yield potential, prior to the execution of expensive replicated yield trials (Condon et al. 2004; Condon et al. 2007) .
The use of indirect selection criteria can be very effective from both a genetic gain and costing standpoint for characteristics such as yield that are complex and relatively expensive to measure accurately in the field. To be most useful, they need to be highly correlated to the target trait, to show high repeatability and have high heritability. It is routine for breeders to practice visual selection in early generations for yield-related characteristics such as disease resistance, phenology and plant type. Successful application of SATs alongside visual selection should increase accuracy in the identification of high-yielding lines by breeders and recent evidence suggests that their use in conjunction with visual selection can increase the proportion of genetically highyielding lines carried forward in comparison to visual selection alone . Moreover, the high narrow-sense heritability (that part of the heritability that can be fixed in advanced lines) for the indirect character can enable selection to be made from fewer replications, or from fewer environments, and in earlier generations of a breeding programme.
As a component of early-generation-testing, early selection based on indirect traits would lead to culling of families of genuinely lower yield potential, thereby reducing the frequency of lower-yielding families advancing to the more expensive multi-environment yield testing stages of the breeding programme. Fewer elite families would enable more distinct crosses and populations to be screened in the breeder's nursery as part of the overall selection programme, increasing the probability of generating gene combinations for high yield. Therefore, indirect selection can benefit the breeding programme by reducing the cost of yield-testing lines that do not actually have high yield potential, and thus can reduce the cost of developing new wheat varieties. Earlier identification of lines with high yield potential would enable the breeder to sample more populations with a greater probability of success. Selection in segregating generations must take into account multiple factors such as disease tolerance and appropriate phenology. Therefore, if physiological criteria are to be applied in breeding programmes, it is logical to apply selection pressure for genetically or visually simple traits such as phenology, plant height and oligogenic disease resistance in the earlier generations (for example, F 2 -F 4 ) to eliminate unsuitable lines, while selecting for more quantitative physiological criteria (such as yield) in F 4 and in subsequent segregating generations, and perhaps again in preliminary yield trials when lines are fixed in near-homozygous state.
Previous research has indicated that point measurements of stomatal conductance or CTD may be useful techniques for screening breeding populations for yield potential. The work on CTD at CIMMYT has been supplemented with the use of the hand-held viscous-flow porometer recently developed in Australia at Commonwealth Scientific and Industrial Research Organisation (CSIRO) Plant Industry (Rawson & Hulse 1996; Rebetzke et al. 2001) . This porometer has several advantages over conventional porometers for measuring stomatal conductance in cereals, but its chief advantage is that it can be used to measure large numbers of plants accurately in a short time. While porometry is amenable for screening individual plants, CTD has the advantage of integrating over the leaves of several plants at once. CTD and porometry appear to be highly amenable for use in breeders' plots as point measurements of relative performance. However, such point measurements are susceptible to vagaries of the weather and the ability to accumulate sufficient data quickly on large numbers of entries. Therefore integrative, but more expensive, parameters such as D 13 C of dry matter may also prove useful adjuncts to CTD and porometry (Farquhar et al. 1994) , especially when screening smaller numbers of potential parents for use in crossing, for example.
Research has been undertaken to identify the extent to which physiological measurements can be used as complementary tools in the CIMMYT breeding programme in Obregon, Sonora, north-west Mexico (a temperate, irrigated, high radiation environment during winter) to improve the efficiency of selection for yield (Condon et al. 2004 ; Condon et al. 2007) . In the present paper, the results of trials conducted at CIMMYT over three seasons are examined to determine the economic value of the technologies being assessed.
MATERIALS AND M ETHODS

Technologies analysed
Three SATs are analysed in the present paper: (1) leaf porosity (POR), measured using a hand-held viscousflow porometer, (2) CTD, measured using a handheld infra-red thermometer and (3) carbon isotope discrimination (D 13 C), measured in the laboratory using an isotope-ratio mass spectrometer.
As a basis for comparison, visual plot assessment by a breeder is also analysed in the same framework. The key parameters of the physiological measurements of the SATs taken at CIMMYT are shown in Table 1 .
Given that the SAT technology is expected to be most useful at the F 4 stage (or equivalent) of the breeding programme (that is, before formal yield testing is possible), the analysis is based on using SATs at that stage of the CIMMYT breeding programme at Obregon, the site where yield testing is done.
Economic approach
An economic assessment of the use of these techniques in the CIMMYT wheat breeding programme was undertaken using partial budgeting. Costs associated with visual assessment and measurement of SATs are estimated to compare which approaches give the best genetic gains in yield per dollar spent. The potential value of each of the measures is then analysed, given their costs in relation to the costs of yield trials in the subsequent generation (F 5 ), to reach the same number of lines for further advancement in the programme.
Data used in analysis
The labour costs involved are a key component of the costs of the measurements. The hourly labour costs used in the analysis are based on information provided by CIMMYT (see Table 2 ). The physiological measurements can be carried out by semiskilled operators with basic training, and teams of two are required to measure the SATs and record the data. In this analysis, the operations are carried out by the Field Assistant with help from seasonal labour. There is no difference in the labour costs required for each of the first two measurements, POR and CTD, with each measurement using labour that costs US$10.53/h. When all the data have been collected, checked and analysed, the physiologist has to assess the results of the analysis and make decisions about the lines to be discarded from the breeding programme, in conjunction with the breeder. Their time is costed at US$53.93/h (CIMMYT International Scientist rate, including allowances). The only procedure required for POR and CTD is the reading taken in the field. However, for D 13 C, the sample (either leaf or harvested grain) is collected, ground and then sent to outside laboratories for analysis. The current charge for such analysis is US$10.00/sample. The visual assessment is carried out by the breeder and a research assistant. For all criteria measured, 2 days of input from the breeder are allowed for end of season data review and decision-making based on the results of the measurements.
The capital equipment requirements for the measurements are relatively small (Table 1) . For POR measurements, a porometer costs approximately US$2000 new, while infra-red thermometers for the CTD measurements can be purchased for approximately US$250 each. To ensure that the measurements can be taken when required, two of each instrument would be needed. Each of the instruments is expected to have a productive life of 3 years before needing to be replaced. For D
13
C, a grinder costing US$3000 would be required by the breeding programme, with the analysis undertaken at an external laboratory.
Where necessary, costs incurred in Mexican pesos are converted to US dollars at the exchange rate of July 2004, which was US$1.00=11 . 4 pesos. For interest costs, a rate of 10 % per annum was used.
Costs of physiological measurements
For POR, on the basis that each plot takes 1 min/plot (Table 3) to measure, the readings for 25 000 plots take 417 h. With 10 h administrative time, each assessment takes 427 h. With one assessment per season, and labour costs of US$10.50/h, the total annual labour costs for assessing the POR measurements are estimated at US$4493. Review and analysis of the final data for decision-making costs a further US$863/season, so that the total labour costs are US$5356/season. With 25 000 plots being assessed, that equals US$0.21 per plot per season.
On the basis that measurement of CTD on each plot takes 0 . 25 min/plot (Table 3) , the readings for 25 000 plots take 104 h. With 10 h administrative time, each assessment takes 114 h. With three assessments per season, and labour costs of US$10.53/h, the total annual labour costs for assessing the CTD measurements are estimated at US$3605. Review and analysis of the final data for decision-making by the professional physiologist costs a further US$863/season. Thus, the total labour costs are US$4468/season, or US$0.18/plot for the 25 000 plots being assessed.
For D
13
C, each plot takes 4 min/plot to sample for analysis (Table 3 ), so that the sampling for 25 000 plots takes 1667 h. With 9 h administrative time, each assessment takes 1676 h. With only one C is costed at US$10.00/sample, equivalent to US$10.00/plot.
There are two capital costs involved with the ownership and use of instruments such as those used for the physiological measurements. The first is the depreciation cost, in which the replacement costs of the instrument must be accounted for. The annual depreciation costs are simply the replacement cost divided by the number of years of productive life of the instrument. In this case, the porometer costs US$2000 with a life of 3 years, so annual costs are US$667 each. Likewise the infra-red thermometers costing US$250 each have an annual cost of US$83 each. With two of each instrument, and 25 000 plots/ season, the depreciation costs for the porometer are US$1333/year or US$0.054/plot. The depreciation costs for the thermometers are US$167/year or US$0.006/plot. The grinder for D
C costs US$3000 and has a life of 5 years, so incurs an annual depreciation charge of US$600, or US$0.024/plot.
The second element of capital costs is the opportunity cost of the funds used for the purchase. This is calculated as an interest cost on the funds used for the instruments. Given that they are being replaced regularly, their average value is half their new cost, and the interest charge is applied to that average value. Annual interest costs with a 10 % interest rate for a porometer are US$100, while for the infrared thermometer they are US$13 for each instrument, and for the grinder the cost is US$150/year. Interest costs per plot are US$0.008 for POR, US$0.002/plot for CTD and US$0.006/plot for the D 13 C grinder. Thus total capital costs are US$0.06/plot for POR, US$0.01/plot for CTD and US$0.03/plot for D 13 C. Total costs for each physiological measurement are US$0.28/plot for POR, US$0.19/plot for CTD and US$10.77/plot for D 13 C (Table 3 ). For D 13 C, the major component is the cost of (external) laboratory analysis, while for POR and CTD labour costs are the major component of the cost involved. If labour costs were reduced, for instance if there were only two assessments of CTD each season rather than three, then the cost per plot for CTD would be reduced to US$0.14.
Costs of visual assessment
Visual assessment is carried out by the breeder and a research assistant and there are no costs other than for labour. Given that an experienced breeder and assistant can score 400 plots/h, it takes 63 h to assess 25 000 plots. With 10 h of administrative time, the total time per assessment is 73 h (Table 3) . With two assessments per season, and a further 16 h for review and decision-making, visual assessment takes a total of 161 h/season. At the labour costs of US$68.70/h for assessment and US$53.93/h for review, the total seasonal cost for visual assessment is US$10 694, or US$0.43/plot. Labour costs comprise all of the costs of visual assessment.
RESU LTS
Analysis of value of physiological measurements
The objective in developing the physiological measurements assessed in the present paper is to enable early selection for yield to be made in the breeding programme, thereby reducing the number of plots that needs to be grown in the subsequent generation to make the same selection based on measured yield performance. In determining the economic value of the physiological measurements, a key comparison is the cost of a yield plot in the following generation of the breeding programme, since the main value of the use of physiological measurements is the extent to which they save money that would otherwise be spent later in the breeding programme. For this comparison, data are taken from an estimate of the costs of growing an F 5 yield trial in the CIMMYT wheat breeding programme at Obregon. The average cost of those plots is estimated at US$5.96/plot, and two replications are needed to provide an accurate estimate of yield (W. Pfeiffer & R. Trethowan, personal communication, November 2005) . Thus, the cost of yield evaluation in the following generation is estimated as US$11.92 per genetic line. The physiological measurements will be economic if they enable selection to take place at a sufficiently high level of accuracy to lead to savings in costs for the following generation.
Consider the case where selection is made in the F 4 generation to enable the elimination of unsuitable lines from the breeding programme. In the F 4 stage of the CIMMYT programme, screening 25 000 lines per season would cost US$6889 for POR, US$3459 for CTD or US$269 260 for D 13 C (Table 4 ). In the current programme, without physiological selection, on an average the best 0 . 3 of lines (or about 7500) are visually selected on the basis of disease and agronomic characteristics for advancement to the F 5 stage for yield testing. If the physiological assessment enabled the 0 . 2 least suitable of these 7500 visually-selected lines (in terms of the expected yield correlated to the physiological measurements) to be discarded, then only 6000 lines would need to be sown in the following generation for yield testing. On that basis, the savings in the following generation would be US$17 880, given a reduction of 1500 lines at an average cost of US$11.92/line. That would provide a saving for the breeding programme of US$10 991 using POR or US$13 220 using CTD (Table 4) . Carbon isotope discrimination currently has markedly higher costs than the subsequent yield plots in the following generation, so would lead to large cost increases rather than provide an opportunity for cost savings.
Another view of the potential for savings by the use of physiological measurements in the breeding programme is provided by the break-even proportion selected in F 4 (Table 4 ). The break-even selection proportion is the proportion selected for the following generation that would just pay for the costs of physiological measurement. CTD measurement would be economic to use at the F 4 stage of the programme as long as no more than 0 . 95 of the lines for advance were selected for yield testing in the following generation, that is, as long as 0 . 05 or more of the low-yielding lines were able to be correctly eliminated on the basis of those measurements. For POR, the break-even proportion selected is 0 . 92, so it would be economic as long as at least 0 . 08 of the low-yielding lines for advance were correctly eliminated from the programme at that stage. Because D 13 C is more expensive than yield testing, there is no break-even proportion selected that would cover its costs.
In the 3-year study of the physiological measurements, visual assessment by the breeder for apparent yield potential as determined by agronomic traits such as spike density and size was also included as a comparison with the physiological measurements. Such visual assessment was found to have similar correlation with subsequent measured yield to that found with the SAT measurements. However, even though the visual assessment was a rapid process, it was more costly than the POR or CTD measurements because it needed a higher level of human skill and experience to do the assessment. The breeder needed to undertake those visual assessments, while the physiological measurements could be carried out with (lower-cost) semi-skilled labour. Those differences in labour cost meant that both CTD and POR cost less than visual assessment (Table 3) .
DI SCU SSI ON
The estimation of the costs of the physiological measurements of SATs show that two, POR and CTD, are relatively low-cost operations, amounting to US$0.28 and US$0.19/plot. Analysis of the possible cost savings for a breeding programme incorporating these measurements to eliminate unsuitable lines from the programme before extensive yield testing shows that either of these SATs can provide economic benefits if introduced into the CIMMYT wheat breeding programme. If at least 0 . 05 of the lowyielding F 4 lines could be correctly eliminated from the programme, which is a relatively simple criterion to meet, CTD would be economic, while POR would be economic if at least 0 . 08 of low-yielding lines could be correctly eliminated.
Compared with CTD and POR, measurement of D 13 C is relatively expensive at US$10.77/plot, and is not likely to be economic in the early generation stages of a breeding programme. Selection on the basis of D
13
C would only be likely to be economic if it provided a basis for selection at a later stage in the breeding programme when testing is more costly, such as with multi-site evaluation, including quality testing. Only when the cost of the analysis was considerably reduced would D 13 C be economic for early-generation selection. However, when selecting parents for crossing, the use of D 13 C would be worth the investment, given the relatively low number of lines required for assessment and the potentially high pay-off from identifying and making a good cross. D 13 C is a more integrated and more reliable SAT measure than either CTD or POR. It is more strongly correlated with yield and has a higher heritability (Condon et al. 2004; Condon et al. 2007) .
The comparisons indicate that CTD is a lower-cost procedure than POR because of the speed of measurement. CTD takes c. 15 s/plot, whereas POR takes c. 60 s/plot, although CTD measurements need to be repeated 2-3 times per season to achieve the same heritability as a single sampling for POR. While the two traits are related physiologically, physiologists and breeders need to determine whether there are useful differences in the information provided by each of the measurements and hence whether potential synergism and/or overlaps exist, before determining which would be the most suitable to incorporate. One related advantage to breeders is that only a small investment of resources is required to evaluate these SAT measurements in the breeding programme on a trial basis. This could mean that barriers to adoption by breeders would be low.
Of course, in the case of visual selection by the breeder, the assessment encapsulates yielding ability, disease resistance and agronomic type. With physiological measurements alone, plots would be advanced that in fact are disease-susceptible or of unacceptable agronomic type even if they still gave a satisfactory SAT reading. Similarly, a non-synchronous tillering plant or even a 'too tall ' plant could still yield sufficiently to be identified by the physiological score as having acceptable SAT values. Clearly, if there were significant disease or physiological problems evident at the time of the indirect assessment, the SAT measurement may well reflect those deficiencies, as overall well-being of the plant may be reflected in a stomatal response. However, where the onset of the disease or agronomic problem was late in the season, physiological selection on its own is likely to select some lines that would have been rejected by visual assessment by a more skilled operator. Nevertheless, visual selection generally would have taken place in the previous generations, successfully removing the least suitable agronomic types. Similarly, those unsuitable types could be assessed in the following generation if there were sufficient savings from the use of SAT measurements.
It is hard to imagine that visual selection for disease resistance and agronomic type would not take place. So the most useful strategy may be to deploy physiological selection alongside visual selection, to increase accuracy in the identification of high-yielding lines by breeders. Recent evidence suggests that the use of SATs in conjunction with visual selection can increase the proportion of genetically high-yielding lines carried forward in comparison to visual selection alone ). Not only was it possible to identify a major number of the highestyielding lines a priori, but it also proved possible to discard a significant proportion of those lines that the 'breeder ' visually considered worth progressing to yield trials, but that yield testing then showed were not in the same league as the top-yielding lines.
Overall, the economic value of incorporating the measurement of SATs into CIMMYT's breeding programme at Obregon appears potentially important. The extent to which they could be used to discard lines at the F 4 stage would ultimately be determined by the correlations established between physiological measurements at the plot level and yields measured in the subsequent generation, and the heritabilities of physiological traits. From the 3-year study reported by Condon et al. (2004) and Condon et al. (2007) , genetic correlations of SATs measured on small plots with yield measured in replicated yield trials were moderately high, in the range 0 . 6-0 . 7, and similar for CTD, POR and D 13 C. Narrow-sense heritability was highest for D 13 C (c. 0 . 75), a value similar to that of yield measured over 3 years. The heritabilities of CTD and POR were a little lower (c. 0 . 5), similar to that of yield measured in a single year. The size of these genetic correlations of SATs with yield and the moderate to high values of heritability for SATs indicate that the incorporation of physiological measurements is likely to provide economic benefits to the programme.
While the cost savings from either CTD or POR are estimated to be less than US$15 000/season, in times of restricted and often reducing budgets those savings could have high opportunity costs. Given the high rate of return from CIMMYT's wheat breeding programme, the expected gains from being able to allocate those funds saved to addressing other significant constraints are likely to be large. In addition, there may be other parts of the CIMMYT breeding programme where these technologies could also be employed profitably, providing even more opportunities for cost savings or increased outputs to be obtained. In breeding programmes with similar goals and costing structures, it would appear recommendable to carry out analogous comparisons.
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